We investigate the nonlinear behavior of anodic nickel dissolution reaction coupled to hydrogen ion reduction for different cathode sizes. In a standard three-electrode cell, transpassive nickel dissolution in sulfuric acid exhibits bistable and oscillating current states when an external resistance is added in series to the working electrode. We observed bistable and oscillating currents without any external resistance in a two-electrode (cathode-anode) cell. The oscillations are interpreted by the linear polarization resistance of the cathode reaction, hydrogen reduction on nickel surface; this resistance exhibited a maximum against cathode size. Those cathodes with resistances close to the maximum stimulated strong oscillations in the cell current. Theoretical considerations implied that such maximum differential resistance cannot be interpreted with elementary Butler-Volmer kinetics but require complex, multiroute reactions. Numerical model simulating coupled anode and cathode reactions reproduced the salient dynamical features of the cathode-anode cell configuration.
Nonlinear phenomena (e.g., bistability, oscillations, and pattern formation) in electrochemical systems are often studied in the traditional three-electrode configuration utilizing the working, reference, and counter electrodes. [1] [2] [3] [4] Reactions of interest take place on the surface of the working electrode, whose potential is set with a potentiostat with respect to a reference electrode. The use of potentiostat, along with proper cell design, allows minimizing interferences from the processes at the counter electrode. However, most electrochemical applications utilize cells in two-electrode configurations with a cathode and an anode. Oscillations have been observed in fuel cells [5] [6] [7] and batteries. [8] [9] [10] For example, hydrogen oxidation in the presence of inhibiting CO, which exhibits oscillations in three-electrode configuration, can also exhibit oscillations in fuel cell configurations. 11, 12 A fundamental question arises how the processes on the 'counter' electrode affect the nonlinear behavior observed on the 'working' electrode.
A common approach to the description of cathode-anode systems consists of characterization of the behavior of working and counter electrodes in three-electrode configuration, and synthetize the cathode-anode system using the constant current constraint. 13 While this approach can predict stationary states of the cathode-anode system (by calculation of circuit potentials at a given current from cathodic and anodic overpotentials, and ohmic drops in the circuit), it does not consider the stability of the stationary states, e.g., possibility for oscillations. The coupling of electrochemical oscillations between the cathode and the anode in the Fe(CN) 6 oxidation exhibit potential and current oscillations on Pt working electrode in a threeelectrode system. 16, 17 These reactions, coupled in a cathode-anode cell, give rise to novel potential and current oscillations. For example, two coupled period-one current oscillations from anode and cathode can produce frequency locking and complex periodic simultaneous current oscillations. 15 A similar study was published with coupled IO − 3 reduction 18 and Fe(CN) 4− 6 oxidation. 19 In this paper, we explore the nonlinear phenomena of anodic nickel dissolution reaction in sulfuric acid in a cathode-anode electrochemical system. The occurrence of bistability and oscillations during transpassive nickel dissolution in sulfuric acid in a standard threeelectrode electrochemical cell has been well characterized. 20 The negative differential resistance (caused by adsorption of bisulfate ions) along with external series resistance, and delayed negative feedback from kinetic steps, generate instabilities that result in oscillations and bistability. [20] [21] [22] [23] We design a cathode-anode system where the anodic nickel dissolution is coupled to hydrogen ion reduction on nickel. The impact of the hydrogen ion reduction is studied as a function of the area of the cathode. The apperance of oscillations only at intermediate cathode areas are interpreted by the enhanced charge-transfer resistance of the cathode reaction. Theoretical and modeling investigations are carried out to show the importance of complex reaction mechanism to interpret the dynamical instabilities that occur with intermediate cathode areas.
Experimental
Experimental Setup.-Anodic polarization scans.-The potential sweeps were carried out in both standard three-electrode and in cathode-anode cells in 3 mol/ L sulfuric acid solution at 10
• C maintained by a Neslab RTE-7 circulating bath. The three-electrode cell ( Figure 1a ) was constructed with a Ni (Goodfellow Cambridge Ltd, 99.98%, 1.0 mm diameter) working electrode, a Hg/Hg 2 SO 4 /saturated K 2 SO 4 reference electrode, and a platinum counter electrode. (Unless otherwise noted all potentials in this configuration are given with respect to the reference electrode.) The working electrode was embedded in epoxy so that the reaction takes place only at the end. The nickel electrode, connected to a potentiostat (ACM Instruments, Gill AC) through an external resistance (27 ≤ R ind ≤ 1300 ), was polarized at circuit potential V.
The cathode-anode cell ( Figure 2a ) was constructed with a Ni plate as the cathode and a 1.0 mm diameter Ni wire embedded in epoxy as the anode. Electrochemical areas of Ni-plates were between 0.01 cm 2 to 30 cm 2 (12 plates). Anodic polarization scans having Ni-plates as cathodes were performed with a scan rate of 2 mV/s. The solution was stirred slowly with a magnetic stirrer in order to remove products formed by water electrolysis. Prior to experiments, the Ni electrode embedded in epoxy was wet polished on series sandpapers (P180-P4000) with a Buehler Metaserv 3000 polisher. Data was collected with National Instruments (PCI 6255) data acquisition board with 1000 Hz data acquisition rate.
Cathodic polarization scans.-Negative polarization scans were carried out in 3 mol/L sulfuric acid at 10
• C for each Ni plate in the three-electrode cell. These scans are used to determine linear polarization resistances (LPR) of cathodes. Two sets of data were collected. The first data set used cathode surface areas 0.01, 0.135, 0.5, 1, 2, 3, 6, 16, and 30 cm 2 with scan rates 0.1-0.2 mV/s. The second data set was collected with additional plates 0.05 cm 2 , 0.75 cm 2 , and 1.5 cm 2 , and scan rate was brought down to 0.0002-0.1 mV/s. Generally, slow scans were chosen with large electrodes to get more data points. Data were acquired with the Sequencer Version 5 software (ACM Instruments, United Kingdom). Nickel plates were hand polished with fine sandpapers (P1200-P4000) prior to experiments.
Linear polarization resistance (R F ).-The linear polarization resistance at current levelĩ is defined by
where η is the overpotential and i is the total current. The polarization resistances were determined atĩ = −0.13 mA using cathodic polarization scans of the nickel plates.
Overpotential of nickel dissolution.-The anodic overpotential of Ni dissolution reaction in three-electrode systems is calculated from
where V 0 is the open circuit potential of Ni/3 M H 2 SO 4 system with respect to the reference electrode. (The solution resistance is neglected because the individual resistances were always much larger than the solution resistance (about 10 Ohms).) The anodic overpotential of nickel dissolution in cathode-anode cell is determined from where η * c is cathodic overpotential at current level −0.13 mA, determined from cathodic scans of Ni plate in three electrode cell.
Results and Discussion
Experiments.-Transpassive dissolution of nickel in a threeelectrode cell.-Nickel dissolution in the transpassive region (1.1 -1.4 V vs. Hg/Hg 2 SO 4 /saturated K 2 SO 4 reference electrode) in a threeelectrode cell (Figure 1a ) exhibits oscillating or/and bistable currents states when an external resistance R ind (Figures 1c-1e) is introduced in series with the working electrode. With no external resistance, cyclic voltammogram in Figure 1c displays a very narrow hysteresis loop, which is an effect of the scanning rate (such loops are not observed with very slow scan rates). When the external resistance is increased up to 100 , only a narrow hysteresis loop appears between 0.05 mA and 0.3 mA current levels. This hysteresis loop becomes wider with further increase in external resistance. In addition, at large external resistance the upper branch becomes unstable which leads to oscillating currents during the anodic scan direction; a cyclic voltammogram taken with 920 external resistance is shown in Figure 1e . Small amplitude current oscillations emerged at 1.15 V and ceased at 1.30 V. We thus see that oscillations in the cathode-anode system can occur at an intermediate cathode size. In three-electrode cell, the external resistance R ind , which tunes the circuit resistance, causes these changes in the dynamical behavior. Therefore, in interpreting the nonlinear response in the cathode-anode cell, we assumed that the impact of the cathode can be understood by its impact on the anode reaction through its linear polarization resistance. Hence, we can compare effects of R ind with effects of cathode-size on voltammograms. As observed in Linear polarization resistance of hydrogen evolution.-To quantitatively characterize the impact of the linear polarization resistance of the cathode on the anode reactions, we determined the linear polarization resistance of the cathode at a current level (−0.13 mA) where nonlinear behavior is expected to arise with the nonlinear anode reaction. Two examples for cathode polarization scans of Ni-working electrodes (0.05 cm 2 and 1 cm 2 ) in the three-electrode system are shown in Figure 3a . The cell-current in voltammogram of 1 cm 2 electrode increases approximately linearly between 0 V to −0.02 V, then change the track in a narrow 50 mV window, and increases again in an apparently linear domain between −0.05 V to −0.1 V in a lower slope than the start. Current beyond −0.1 V appears to change exponentially. Although it is more difficult to discern in Figure 3a , similar qualitative changes in current against overpotential are observed with 0.05 cm 2 surface area cathode. (These qualitative changes also appear as two slopes in Tafel plots (ln(current) vs. η c , not shown)). Some examples for the double slope to the Tafel plot during hydrogen evolution on nickel surface can be found in a previous review. 24 Lasia and Rami 25 and Tamm and Tamm 24 reported two-slope appearance in alkaline and acidic mediums for hydrogen evolution reaction, respectively. Two slopes indicate the presence of two parallel mechanisms; especially for the anodically activated electrodes. The two different regions are explained by the influence of an electrode process such as corrosion at lower overpotential. 24 A more accurate picture of instantaneous current changes in terms linear polarization resistance of the cathode, determined from polarization curve of 1 cm 2 cathode, against overpotential is shown in Figure 3b . Steep changes in current occur at −0.02 V, −0.07 V (peak), and −0.15 V. Polarization resistances become small beyond −0.25 V since the current increases exponentially. The maximum resistance of 2.1 k occurs at −0.07 V, −0.12 mA (Figures 3b, 3c ).
Transpassive dissolution of nickel in a cathode
Linear polarization resistances of cathodes as a function of surface area determined at −0.13 mA in two trials are shown in Figure 3d . For large cathodes (6 cm 2 , 16 cm 2 , 30 cm 2 ) the calculated resistances are below 100 , while for cathode sizes smaller than 0.5 cm 2 , resistances remain almost unchanged (390 -460 ). Polarization resistance reaches a maximum of 1.2 k (average of two trials) with 1 cm 2 nickel plate.
We thus observe that the experimentally measured linear polarization resistance, determined from the current-potential characteristic of hydrogen ion reduction on nickel surface, reaches a maximum value against the potential, the current, and the cathode area. Figure 3d can explain the dynamical behavior in Figures 2c, 2d , and 2e. Cathode sizes (cm 2 ) 6, 1.5, and 0.05 impose 100 , 920 , and 390 resistances. While the large and the small cathodes impose relatively small resistances that can induce bistability, the medium sized electrode provides sufficient external resistance for the oscillations to occur as well. Figure 4 , a comparison of transpassive Ni dissolution in cathode-anode cell (a -e) and in three-electrode cell (A -E) is presented. The three-electrode cell results were obtained with a series external resistance determined from the corresponding cathode area. The current vs. overpotential (E ′ , E ′′ ) plots display nonlinear behaviors observed between 0.05 mA-0.3 mA currents in the both cell configurations.
Comparison of nonlinear behaviors: three-electrode vs. cathodeanode cells.-In
In the cathode-anode cell, bistable current states are observed in cyclic voltammograms for all the twelve cathode sizes plotted in Figure 3d ; however, oscillating currents with bistability appear only for The width of the hysteresis loop starts to reduce sharply from cathode sizes over 3 cm 2 . In summary, widths of hysteresis loops with 0.05 cm 2 (smallest cathode) and 30 cm 2 (largest cathode) are approximately 45% and 80% narrower than the loop width with 1 cm 2 cathode, respectively. As mentioned in previous sections, the width of hysteresis loop expands with the series resistance of the cell. Hence, the variation of hysteresis loop correlates with the change of linear polarization resistance illustrated in Figure 3d .
Oscillating currents appear close to the hysteresis loop. A narrow oscillating domain is observed with 0. Figure 4c and 4C, oscillations, emerged through Hopf bifurcation in both graphs; however, the oscillations cease through Hopf bifurcation for 1 cm 2 cathode and through saddle-loop bifurcation for the three-electrode cell with 1110 external resistance. Therefore, smooth electrochemical oscillations can be observed close to 0.1 mA in both graphs, but relaxation oscillations are observed in threeelectrode configuration at high currents. In Figures 4d and 4D smooth electrochemical oscillations exhibit around 0.1 mA in both graphs; however, relaxation oscillations occur at high currents in Figure 4D . Oscillations span in a broader potential window in Figure 4D than in Figure 4d .
The results thus show that there is great similarity between the behavior of cathode-anode cell and the corresponding three-electrode cell with an external resistance. Therefore, in the given system, the behavior of the cathode-anode system can be well-described from three electrode configuration results with overpotential adjustments and application of an external resistance that corresponds to the linear polarization resistance of the 'counter' electrode. However, the linear polarization resistance of the cathode depends on the current density, which can cause differences in the behavior.
Theory and numerical simulations.-The experimental results showed that the linear polarization resistance of the cathode is an important property in the description of the nonlinear features of the coupled anode-cathode reaction. The experiments showed that for hydrogen ion reduction, the linear polarization resistance exhibits a maximum as a function of electrode area. In this section, we further explore the generality of the existence of such maximum in the resistance vs electrode area graph at constant current level. First, we show that elementary electrochemical reactions will not exhibit such extremum, therefore, more complicated reaction mechanism is required. Second, we show that the present kinetic knowledge on hydrogen ion reduction can reproduce the maximum behavior. Finally, we show that a kinetic model can be constructed that interprets the dynamical response of the nickel dissolution -hydrogen reduction cell.
Linear polarization resistance vs area for elementary reaction.-
We show that an elementary electrochemical reaction alone cannot generate maximum polarization resistance against electrode area (A); hence, the peak in the graph R F vs. log 10 (A) in Figure 3d cannot be attributed to properties of a single elementary electrochemical reaction. The current-potential characteristic of a single-step electrode reaction is given by Butler-Volmer equation
where i o (taken without loss of generality as 0.1 mA/cm 2 ) is the exchange current density, β is the symmetry factor, and f = F/RT. 13 Equation 4 is composed of anodic current (i a > 0) and the cathodic current (i c < 0) , which are the first and the second terms of the right hand side. The differential polarization resistance from Equation 4 can be determined as 
Thus we see that for small cathodic (η < 0) overpotentials and 0≤ β < 0.5, the resistance will attain smaller values than that for the equilibrium state; therefore, the resistance will decrease with increasing the absolute value of η (see Figure 5b thin curve). On the contrary, for η < 0 and 0.5 < β≤1, the resistance will initially increase (see Figure  5b dashed curve). At large overpotentials i a ≈ 0; hence, Equation 5 reduces to
Since the cathodic current exponentially grows with overpotential, the resistance will approach R F ≈ 0. While for 0 ≤ β < 0.5 the decrease of the resistance is monotonic, for 0.5 < β≤1 there must be a maximum because the resistance initially increased (see Figure  5b) . From Equation 5, one can show that maximum linear polarization resistance occurs at η
The maximum resistance for negative potentials (η < 0) only occurs for 0.5 < β < 1. (Note that the maximum resistance for β = 1 and 0.5 occurs at infinity and equilibrium potential, respectively.)
One could assume that because there is a maximum in the R F vs η graph in Figure 5b , there could be a maximum in the dependence of the polarization resistance as a function of the surface area at a given current. However, this is not the case as shown in Figure 5c , where the linear polarization resistance determined at −0.1 mA is shown against electrode area. At small cathode areas large overpotential is needed to generate the current. Therefore, as shown in Equation  7 , the resistance does not depend on the surface area, but reaches a limiting value determined by the current level and the symmetry factor (see Figure 5c) . Conversely, at large surface area, the overpotential will be small, therefore R F = 1/Ai o f and thus R F ∝ 1/A; now the differential resistance decreases against electrode area the same way independent of the symmetry factor. Most importantly, the graph in Figure 5c shows that there is no maximum; with increasing the surface area the resistance decreases monotonically. The apparent contradiction between Figure 3b and Figure 3d can be intuitively resolved as follows. While at larger cathode surfaces less overpotential is required to provide the same amount current, Equation 6 shows that in general the resistance will have a strong dependence on 1/A; this strong dependence on surface area cannot be overcome by the relatively small maximum due to the asymmetry of the reaction.
The lack of maximum in the R F vs A graph implies that the experimentally measured maximum in Figure 3d cannot be interpreted with a simple elementary reaction with Butler-Volmer kinetics. This observation led us to focus on exploring effects of a multi-step mechanism on cathodic polarization on nickel surface.
Model for cathode: hydrogen ion reduction on nickel surface.-
The mechanistic modeling of hydrogen ion reduction is typically done with three elementary reactions: the Volmer reaction, the Heyrovsky reaction and the Tafel reaction. [26] [27] [28] The current-potential characteristic of cathode is modeled with the elementary reaction sequence in Equations 8-11. The sequence involves initial formation of atomic hydrogen (Volmer reactions) on nickel surface; [8] This is followed by an electrochemical desorption (Heyrovsky reaction):
and a chemical recombination step (Tafel reaction) 2H ad → H 2 [10] Nickel dissolution contributes to anodic current.
The reaction rates (r) are:
Fη RT [16] where the subscript represents the reaction step, C eq is the equilibrium H + concentration, F is Faraday constant, R is the gas constant, T is the absolute temperature, k is the rate constant, β is the symmetry factor. (Note that in Equation 16 we assumed that Ni dissolution takes place on the vacant sites.) The surface coverage of atomic hydrogen θ at different overpotentials is determined by steady state approximation of the differential equation:
where˜ is the surface molar capacity. The current density of cathode is found from
[18] From definition 1, at overpotential η = η *
where the surface area A is given by A =ĩ j (η * ) [20] In dimensionless form, the following variables were used
The current density of cathode and surface coverage take the form
The evolution of double-layer potential E c of a cathode with electrode resistance R L and with double-layer capacitance C d can be written based on Randle's circuit analysis as
In dimensionless form, with the following variables
the model takes the form
The current-potential behavior of H + reduction simulated with dimensionless Equations 22, 23, and 26 is shown in Figure 6a The rate of atomic hydrogen production via potential dependent Volmer reaction is about 10 3 and 10 4 fold faster than rates of atomic hydrogen consumption via potential dependent Heyrovsky and nonfaradaic Tafel reactions, respectively at reversible potential. The increasing polarization resistance at low potentials (Figure 6b , V < −10) and currents (Figure 6c , I < −1) may be attributed to the surface saturation with atomic hydrogen. The resistance starts to drop when hydrogen production rates overtake the atomic hydrogen production. Tafel reaction can reach rates as high as 5.8 × 10 −10 mol/cm 2 s on a surface well saturated with hydrogen atoms (θ ≈ 1). Detail mechanistic modeling in literature suggests that surface coverage θ is strongly dependent on catalytic activity of the metal surface. 29 The oscillating current produced with Ni dissolution model in Equation 27-29 is typically in 0.8 ≤ I ≤ 1.8 range. The linear polarization resistance of cathode determined at I = −1 (Figure 6a ) current level is shown in Figure 6d . At this current level, cathode with A c = 13 introduces maximum polarization resistance R F = 7 to the cell; hence strong oscillations can be expected with A c = 13.
Small cathodes shift the overpotential at I = −1 (or −0.13 mA in experiments) toward more cathodic potentials while large cathodes do the opposite ( Figure 3a) ; hence, Figure 6d also tracks the overpotential change at I = −1 against cathode area. Small cathodes should increase the rates of potential-dependent Volmer and Heyrovsky reactions at I = −1 since those cathodes increase negative overpotentials. We discussed that at large overpotentials differential resistance is independent of the electrode area (Equation 7) since current has exponential dependence on overpotential. Therefore, at I = −1, reaction currents of both Volmer and Heyrovsky reactions must be in an exponential trajectory with small sizes. Heyrovsky reaction is likely to dominate over the Tafel reaction, which is nonfaradiac. Tafel reaction even may have negligible effect on hydrogen production since fast rate of the Heyrovsky reaction consumes adsorbed atomic hydrogen rapidly so that Tafel reaction rate drops. (In addition, the anodic Ni dissolution does not affect the behavior because its rate is negligible.) With very large cathodes, since the overpotential at I = −1 shifts close to the equilibrium potential, rates (and current) of elementary electrochemical reactions exhibit more linear dependency on overpotential. Under these conditions, differential resistance is inversely proportional to the electrode area (Equation 6). (In this region, the rate of Ni dissolution reaction can significantly contribute to the charge transfer resistance because its rate becomes comparable to the reduction steps.) A similar relationship is observed for large cathodes in R F vs. Log 10 (area) plots of both experimental (Figure 3d ) and model systems (Figure 6d) . Furthermore, close to the equilibrium, Tafel reaction rate is about 10 fold faster than Heyrovsky reaction rate. Therefore, hydrogen evolution on very large electrodes at I = −1 may occur primarily via Tafel reaction, which has square dependency on surface coverage (Equation 15). (Note that close to the equilibrium the surface coverage is small).
When A c increases from large sizes to A c = 13 (peak resistance), polarization resistance apparently exhibits an inverse functional relationship with the cathode area (R F ≈ 1/A c ). In this region, both Heyrovsky and Tafel reaction may contribute considerably in hydrogen ion reduction since Heyrovsky reaction rate at I = −1 accelerates with increasing surface area (due to overpotential shift toward more negative), and Tafel reaction rate accelerates against saturation of surface with atomic hydrogen (θ → 1). The superior atomic hydrogen production by Volmer reaction (10 3 and 10 4 fold faster than Heyrovsky and Tafel) may cause Tafel reaction to operate near its maximum rate, and compete with the Heyrovsky reaction in hydrogen ion reduction. Cathode size A c = 13, which imposes the maximum resistance, could be a critical area in which Tafel reaction approaches its maximum rate due to saturation of surface with atomic hydrogen (θ ≈ 1). Further decrease in cathode size A c < 13, shifts the overpotential toward more cathodic, thereby accelerates the Heyrovsky reaction rate, which dominates hydrogen ion reduction on the plateau in Figure 6d . Therefore, the peak appearance in R F vs. Log 10 (area) could signify a shift of reaction mechanism from dominating second order chemical kinetics on very large cathodes to dominating first order chemical kinetics on small electrodes.
Curve fitting in Figure 3d , based on solutions of Equations 17 and 18, is shown in Figure 7 . Equation 17 is solved parameterizing C eq = 3 × 10 We thus see that the equations can very well represent the experimental data. We note that the modeling of hydrogen ion reduction on nickel surface is a challenging task. Previous mechanistic approaches have found it difficult to generate the double slope behavior in hydrogen evolution reaction on Ni electrode. 24, 25 Some sources suggested that Volmer-Heyrovsky mechanism occurs on a larger part of the surface while rate determining Tafel reaction operates on a small part of the surface. 30 We did not have to use such approach in simulating the experimental data.
Model for the Cathode-Anode System.-Here we build a mechanistic model for the entire-cathode anode system by combining the hydrogen reduction model in previous section with the kinetics of nickel electrodissolution on the anode. The dimensionless twovariable model for Ni dissolution in H 2 SO 4 proposed by Haim et al. 20 is considered.
The model describes the dynamics of Ni dissolution with the following variables: e a , the anodic double layer potential drop; θ, the total surface coverage by NiOH and NiO on surface area A a . Parameters include the dimensionless circuit voltage v, the cell series resistance r, surface capacity , hydrogen ion concentration C h , and kinetic constants a, b, c. The Faradic current (j a ) is given by
The anodic currents were simulated with parameter values A a = 1, r = 5, C h = 1600, a = 0.3, b = 6 × 10 −5 , c = 0.001, and = 0.01. A cathode-anode cell model consists of description of the cathode reaction given by Equation 26 and an anode given by Equations 27-29; the two reactions are coupled through a common series resistance r. The potential across the resistance is v -(e a -e c ). Hence, the dynamics of the cathode-anode cell can be described as in Equations 30-32.
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The time scale of hydrogen ion reduction was made compatible with that of Ni dissolution introducing the scalar α= 0.001. Nonlinear features in cell current were simulated for different cathode areas A c with the previous parameter values for A a , C h , a, b, c, , g, Figure 6d , cause hardly any nonlinear effects in the cell current.
The cathode-anode cell model, similar to the experimental observations, produces very narrow hysteresis loops with small cathode areas, broad loops with intermediate surface areas, and almost no loop at large surface area. We observe the sequence: bistability, oscillations, and bistability similar to that of experiments with increasing the cathode area A c . These results suggest that linear polarization resistance can successfully predict the dynamics of cathode-anode model system.
Conclusions
This study presented emerging nonlinear behaviors in an electrochemical cell consisting nickel dissolution as the anode and hydrogen ion reduction as the cathode on nickel surface in sulfuric acid electrolyte. Oscillation and bistable currents are observed depending on the size of the cathode. We found in both experiments and model simulations that there exists a cathode size that can impose a maximum linear polarization resistance to the cell; this can cause strong nonlinear effects in the cell current. The linear polarization resistance of the cathode provided explanation for the observed nonlinear effects. Theoretical and numerical results showed that the maximum resistance cannot be interpreted with a simple elementary reaction, but likely due to complex mechanism, e.g., for hydrogen ion reduction the transition between first-order and second-order kinetics. Numerical simulations with a model developed for the cathode-anode electrochemical systems by coupling the nickel dissolution and the hydrogen reduction model supports experimental observations.
The results could greatly facilitate cell design of cathode-anode systems, in particular, when stability of the cell is important due to the presence of negative differential resistance (e.g., due to adsorption of an inhibitor). For such cells, small linear polarization resistance of the 'counter electrode' is required for avoiding instabilitites. 4 Intuitively, one would opt for large surface area cathode. However, identification of the proper operating regime for the electrode reaction could give important clue about choosing the proper electrode material and surface area. For relatively large electrodes in micropolarization region, increasing electrode surface area and reactions with large exchange current densities are required. With small electrodes, that have linear polarization resistances close the plateau value, decreasing the operational current value, or picking material with large transfer coefficients could be required. For a complex multiroute reaction there could be electrode sizes that greatly enhance the differential resistance due to the presence of maximum resistance. In this case both increase or decrease of electrode size could decrease the resistance. Finally, the cathode-anode interactions could also impact spatiotemporal pattern formation (e.g., in fuel cells in the oscillatory regime) as the counter electrode effectively imposes a charge transfer resistance. Positive electrical coupling through external resistances can induce spatiotemporal patterns in three-electrode configuration (e.g., synchronization, standing-waves, and clustering) [1] [2] [3] [4] and thus similar patterns could also occur without external resistance but in the presence of cathode-anode interactions.
